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Perovskite-type  Yo.gSro.iCro.gFeo.i03_,5  maintained  good  chemical  stability  under  a  H2S-containing  at¬ 
mosphere  based  on  results  from  X-ray  diffraction  (XRD)  and  Fourier  transform  infrared  spectroscopy  (FT- 
IR)  in  our  previous  study.  In  this  research,  the  YSCF-based  anode  was  studied  using  H2  and  H2S-con- 
taining  fuels.  The  activity  of  an  electrode  is  closely  related  to  its  material  composition,  lattice  structure, 
physic-chemical  properties,  and  morphologic  structure.  Therefore,  the  characteristics  of  the  YSCF  pow¬ 
ders  and  the  cell  were  analyzed  by  XRD,  Brunauer— Emmett— Teller  (BET)  surface  area  analysis,  and 
scanning  electron  microscopy  (SEM).  The  conductivities  of  YSCF  were  evaluated  by  four-probe  method  in 
10%  H2— N2,  1%  H2S— N2  and  air,  respectively.  Thermodynamic  calculations  and  X-ray  photoelectron 
spectroscopy  (XPS)  analysis  have  been  used  to  investigate  the  stability  of  the  elements  in  YSCF  upon 
exposure  to  hydrogen  sulfide  (H2S)  in  hydrogen  (H2)  over  a  range  of  partial  pressures  of  sulfur  (pS2)  and 
oxygen  (p02)  that  are  representative  of  fuel  cell  operating  conditions.  In  addition,  the  performance  of  the 
complete  cell  (YSCF— SDC|SDC|Ag)  under  H2S  and  H2  fuel  mixtures  was  also  evaluated  by  electrochemical 
impedance  spectra  (EIS)  and  I—V  and  I—P  curves.  The  emergence  of  FeSCU  in  the  sulfur  treatment  should 
play  an  important  role  in  preventing  further  sulfur-poisoning. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  disposal  and  treatment  of  H2S  is  regarded  as  a  worldwide 
problem.  Typically,  gas-processing  plants  convert  this  toxic  gas  into 
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elemental  sulfur  and  water  vapor  via  the  well-established  Claus 
process.  The  reaction  is  highly  exothermic.  Part  of  the  energy  can  be 
recovered  as  low-grade  energy  from  the  heat  and  steam  produced. 
Solid  oxide  fuel  cells  (SOFCs)  are  a  promising  clean  power  source 
that  is  characterized  by  high  energy  conversion  efficiency,  high 
power  density,  low  environment  impact  and  excellent  fuel  flexi¬ 
bility  [1].  Every  oxidation/hydrogenation  reaction  with  negative 
free  enthalpy  (equal  Gibbs  Energy)  can  be  conducted  in  a  fuel  cell  as 
membrane  reactor  with  parallel  production  of  electricity.  It  is 
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possible  for  internal  reforming  or  direct  utilization  of  practical 
sulfur-containing  fuels,  which  minimizes  the  need  for  a  separate 
fuel  processor  [2].  The  feasibility  of  using  H2S  as  the  fuel  for  a  SOFC 
simultaneously  produces  electricity  [3],  high-temperature  steam, 
and  concentrated  sulfur  dioxide.  The  SO2  reaction  products  may  be 
used  in  the  manufacture  of  sulfuric  acid  and  sodium  hydrosulfite 
[4].  From  economic  and  environmental  perspectives,  it  is  much 
more  desirable  to  recover  this  energy  as  electricity  in  a  highly 
efficient  way. 

However,  H2S  has  a  catastrophic  effect  on  typical  anode  mate¬ 
rials  for  SOFC  devices  [5].  Sulfur  poisoning  severely  degrades  fuel 
cell  stability  and  electrochemical  performance.  Effective  utilization 
of  sulfur-containing  fuels  in  SOFCs  has  generated  great  interest  in 
the  development  of  sulfur-resistant  anode  materials  for  SOFCs  [6]. 
Perovskite-type  oxides  with  a  general  formula  of  ABO3  have 
demonstrated  great  promise  for  application  in  SOFCs  [7-10  ,  due  to 
its  properties  including  good  redox  stability,  tunable  conductivities, 
resistance  to  sulfur  poisoning  and  catalytic  activity  for  fuel  under 
a  wide  range  of  operational  temperatures.  In  addition,  the 
perovskite-type  structure  of  oxides  expands  the  possible  applica¬ 
tion,  because  the  original  ions  at  both  A-  and  B-sites  can  be  replaced 
by  other  ions  that  have  a  similar  ionic  size  and  valence,  maintaining 
the  original  structure.  The  substitution  should  enhance  the  com¬ 
mercial  utility  of  the  perovskite  devise  by  improving  or  fine  tuning 
the  physical  properties  such  as  thermal  stability,  chemical  stability, 
magnetic  effects,  catalytic  activity  and  electrolyte  compatibility. 

As  a  traditional  perovskite-type  structure,  yttrium  chromites 
(YCrOs)  have  been  reported  with  promising  utility  for  the  ceramic 
interconnect  material  in  SOFCs  [11—13].  Pure  YCr03  has  the 
perovskite  structure  that  is  apparently  stable  to  at  least  1200 1<  [14]. 
However,  its  application  is  limited  due  to  the  relatively  low  elec¬ 
trical  conductivity.  An  appropriate  selection  of  A  and  B  cations  can 
assist  in  the  generation  of  materials  with  good  conductivity  and 
stability  [15  .By  doping  with  strontium  at  the  A-site,  the  electronic 
and  ionic  conductivity  would  be  enhanced  [16,17].  It  is  should  be 
noted  that  the  B-sites  are  located  near  the  oxide  anions.  It  is  often 
occupied  with  a  transition  metal,  that  possesses  suitable  redox 
properties.  Doping  Fe  at  the  B-site  can  improve  its  electrical  con¬ 
ductivity  under  reducing  conditions. 

In  our  previous  research  [11],  a  series  of  Yo.gSro.iCri_xFex03_«5 
powders  were  prepared  by  the  sol-gel  combustion  method  and 
characterized  as  potential  anode  materials  for  solid  oxide  fuel  cells. 
By  comparing  the  Ols  peaks  prior  reduction,  a  lower  content  of 
lattice  oxygen  and  a  higher  content  of  adsorbed  oxygen  were  ob¬ 
served  for  Yo.gSro.iCr0.9Feo.i03_5  after  reduction,  which  maintained 
good  chemical  stability  upon  exposure  to  H2S  as  determined  by  XRD 
and  FT-IR  analyses.  In  addition,  the  reduced  Y0.gSr0.iCr0.gFeo.i03_(5 
could  capture  oxygen  when  exposed  to  air,  which  is  essential  for 
anode  materials.  Therefore,  in  this  research,  the  electrochemical 
properties  of  Y0.gSr0.iCr0.gFeo.i03_5  were  measured  in  a  cell  with 
configuration  of  YSCF-SDC/SDC/Ag  at  different  temperatures  even 
at  H2S  higher  concentration  to  examine  its  sulfur  resistance  and 
electrochemical  performance. 

2.  Experimental 

2.1.  Preparation  and  characterization 

The  Yo.gSro.iCro.gFeo.i03_,5  anode  materials  were  synthesized  by 
the  sol-gel  method.  The  details  of  the  synthesis  way  have  been 
described  in  our  previously  published  study  [11  ].  The  precursor  ash 
was  calcined  in  air  at  1100  °C,  1000  °C,  900  °C,  800  °C  or  700  °C  for 
10  h  using  a  rate  of  5  °C  min-1.  The  obtained  anode  catalyst  was 
denoted  YSCF-1100,  YSCF-1000,  YSCF-900,  YSCF-800  or  YSCF-700, 
according  to  the  different  calcination  temperatures. 


For  the  cell  test,  the  Ceo.sSmo^Oi.g  (SDC)  electrolyte  was  also 
prepared  by  the  EDTA-citric  combustion  method  [18,19].  After 
calcination  at  900  °C  for  6  h  under  air,  the  electrolyte  was  pressed 
into  a  pellet  with  a  thickness  of  0.8  mm  and  a  diameter  of  30  mm. 
The  pellet  was  sintered  at  1450  °C  for  8  h  to  achieve  densification. 

Specific  surface  areas  of  the  different  catalysts  were  determined 
by  the  BET  method.  The  surface  area  of  the  catalyst  was  determined 
by  N2  adsorption-desorption  measurements  at  -196  °C  using  the 
Brunauer— Emmett-Teller  (BET)  method  (Gold  App  V-sorb  2008p). 

The  crystal  structure  of  the  YSCF  powders  before  and  after  the 
test  was  determined  by  X-ray  diffraction  (XRD;  Bruker  D8 
ADVANCE,  Germany)  using  Cu  Ka  radiation  (A  =  0.15406  nm)  at 
room  temperature  with  a  26  ranging  from  10°  to  80°. 

The  calculations  were  performed  using  HSC  Chemistry  5.0  [20] 
to  generate  phase  diagrams  of  the  ternary  component  systems  of 
Y-O-S,  Sr-O-S,  Cr-O-S  and  Fe-O-S.  A  temperature  of  the  873  I< 
was  chosen  on  phase  diagrams  to  explore  the  impact  of  the  oper¬ 
ation  temperature  on  sulfur  interaction. 

To  test  the  sulfur  tolerance  ability  of  YSCF,  these  materials  were 
reduced  in  a  tube  furnace  at  600  °C  for  2  h  under  10%  H2-1000  ppm 
H2S  and  1%  H20  (all  balanced  by  N2)  with  a  flow  rate  of 
60  mL  min-1.  The  samples  were  cooled  to  room  temperature  under 
the  same  atmosphere.  These  samples  were  also  examined  with  X- 
ray  diffraction  to  determine  the  phase  composition.  The  surface 
composition  and  valence  of  each  element  were  identified  for  fresh 
and  reduced  powders  by  X-ray  photoelectron  spectroscopy  (XPS, 
Thermo  ESCALAB  250,  US).  A  monochromatic  Al  Ka  source 
(i hv  =  1486.6  eV)  was  used  at  a  power  of  150  W,  with  a  base  pressure 
of  10-9  mbar  in  the  analytical  chamber.  The  binding  energies  were 
calibrated  with  respect  to  the  binding  energy  of  Cls  located  at 
284.8  eV.  The  resolution  of  all  of  the  spectra  was  performed  with 
the  XPS  Peak  Program  (Version  4.1),  by  considering  the  oxygen 
peaks  and  related  metal  ion  peaks.  The  fitted  variables  included  the 
peak  position  and  peak  shape  (given  some  Gaussian/Lorentz 
product  function).  The  content  of  different  species  was  calculated 
based  on  the  integration  of  the  peak  areas  with  background 
correction  in  the  XPS  Peaks  Program. 

2.2.  Cell  measurement 

To  order  to  increase  the  thermal  compatibility  and  reduce  the 
interface  resistance  between  the  anode  and  electrolyte,  YSCF-SDC 
(weight  ratio  of  5:1)  was  dispersed  in  a  solution  containing  glyc¬ 
erol,  ethylene  glycol  and  isopropyl  alcohol  21]  (glycerol: ethylene 
glycokisopropyl  alcohol  =  1:15:10)  by  the  ball  milling  at  45  Hz  for 
24  h.  The  mixture  was  painted  on  one  side  of  the  SDC  disks.  The 
membrane  electrode  assemblies  (MEAs)  (cell  with  configuration: 
anode/electrolyte/cathode:  YSCF-SDC/SDC/Ag)  were  calcined  at 
900  °C  for  2  h.  Au  mesh  was  used  as  a  current  collector  to  adhere  to 
on  the  surfaces  of  YSCF  with  Au  paste.  The  anode  chamber  of  the 
MEAs  was  under  1%  H2S,  10%  H2-1000  ppm  H2S  and  1%  H20  (all 
balanced  by  N2)  or  10%  H2-N2  with  a  flow  rate  of  60  mL  min-1,  and 
the  cathode  was  exposed  to  the  air.  The  fuel  cell  tests  were  per¬ 
formed  in  a  furnace  with  a  coaxial  two-tube  (inlet  and  outlet)  set¬ 
up  at  each  face  of  the  cell  sealed  by  ceramic  sealant. 

The  cell  morphology  of  Yo.gSro.iCri_xFex03_<5  before  and  after 
the  tests  in  H2/N2  and  H2S  were  observed  by  using  scanning  elec¬ 
tron  microscopy  (SEM,  HITACH  S4800,  Japan). 

The  electrochemical  effect,  such  as  the  anode  polarization 
resistance  (Rp)  and  Ohm  resistance  (R0)  were  measured  by 
recording  the  electrochemical  impedance  spectrum  measurement 
using  an  electrochemical  work  station  (ParSTAT4000).  The  elec¬ 
trical  conductivities  by  four-terminal  DC  technique  using  Ag  paste 
electrodes.  The  current  and  voltage  were  measured  using  a  Keith- 
ley2420  source  meter  at  intervals  of  5  °C.  Over  a  temperature  range 
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of  testing  range  300-900  °C  with  50  °C  as  point  distance  in 
different  atmosphere. 


3.  Result  and  discussion 

3.1.  Structure  properties 

The  BET  surface  areas  of  the  YSCF-700,  YSCF-800,  YSCF-900, 
YSCF-1000  and  YSCF-1100  catalysts  are  12.6,  10.3,  7.2,  5.9,  and 
3.7  m2  g~\  respectively.  The  XRD  patterns  of  the  YSCF  calcined  at 
different  temperatures  are  shown  in  Fig.  1.  The  powders  are  well 
crystallized  compared  with  the  standard  card  of  YCr03  (PDF  card 
no.  34-0365).  Some  impurity  peaks  were  observed  in  the  sample  at 
800  °C  and  900  °C,  which  is  similar  to  that  of  the  Y2O3  parent 
(JCPDS  card  No.  47-1274).  This  result  is  also  in  agreement  with  the 
result  from  thermodynamic  calculations  below.  It  has  been  known 
that  the  electrical  properties  of  conducting  oxide  are  highly  sensi¬ 
tive  to  its  elemental  composition,  structure  and  phase  purity  [22].  A 
small  deviation  from  the  elemental  composition  or  the  introduc¬ 
tion  of  a  minor  amount  of  impurity  phases  may  result  in  a  signifi¬ 
cant  deterioration  in  the  electronic  or  ionic  conductivity  of  the 
oxide  [23  .  These  results  indicates  that  the  Y2O3  phase  might  have 
formed  the  perovskite-type  phases  at  1000  °C,  which  resulted  in 
the  decrease  of  the  BET  surface  area  of  the  YSCF-1000,  in  addition,  a 
high  calcination  temperature  is  favorable  for  the  formation  of  a 
perovskite  phase.  Therefore,  1000  °C  was  chosen  as  the  calcination 
temperature.  The  details  of  the  bulk  structure  and  the  thermal 
stability  in  a  reducing  atmosphere  (H2-H2S)  has  been  studied  in 
our  previous  research  [11]. 

The  reaction  of  YSCF  and  SDC  with  each  other  is  undesirable  for 
the  long-term  stability  of  SOFCs.  Therefore,  the  reactivity  of  YSCF 
with  SDC  was  further  studied.  A  comparing  of  the  XRD  patterns  for 
YSCF,  SDC  and  the  mixture  of  YSCF  +  SDC  (50%:  50%  in  weight  ratio 
ball  milling  24  h)  after  calcination  under  air  at  1000,  1100,  1200, 
1300, 1400  and  1500  °C  for  10  h  is  shown  in  Fig.  2a  and  b.  The  peak 
indicated  by  the  arrow  begins  to  merge  and  gradually  shift  as  the 
temperature  increases,  which  indicates  a  solid  state  reaction  be¬ 
tween  the  electrolyte  and  anode  has  occurred.  It  is  evident  that 
YSCF  exhibits  good  chemical  compatibility  with  the  SDC  electrolyte 
at  less  than  or  equal  to  1000  °C,  and  no  other  new  phases  were 
detected  indicating  that  no  reaction  and  inter-diffusion  of  elements 
occurred  within  the  composite  anode  below  this  temperature  [24- 
26]. 
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Fig.  1.  XRD  patterns  of  Yo.gSro.iCro.gFeo.iOs^  powders  calcined  at  different 
temperature. 


Fig.  2.  (a)  XRD  patterns  of  YSCF  +  SDC  after  calcined  in  air  at  1000  °C  for  4  h;  (b)  XRD 
patterns  of  YSCF  +  SDC  calcined  in  different  temperature  in  air. 


3.2.  Conductivity  testing 

The  conductivity  of  YSCF  was  investigated  in  air,  10%  H2-N2  and 
1%  H2S-N2.  For  perovskite-related  MIECs,  the  co-existence  of 
electronic  holes  and  oxygen  vacancies  allows  them  to  simulta¬ 
neously  possess  both  ionic  and  electronic  conductivities.  The 
temperature  dependence  of  the  total  electrical  conductivities  of  the 
YSCF  samples  in  different  atmosphere  is  shown  in  Fig.  3.  Sr  and  Fe 
co-doping  significantly  enhances  the  electrical  conductivity  of 
YCr03.  Fig.  3  shows  the  temperature  dependence  of  the  electrical 
conductivity  of  YSCF  from  300  to  900  °C.  The  conductivity  increases 
as  the  temperature  increase,  which  is  a  typical  characteristic 
behavior  of  semiconductors  and  ionic  conductors.  Due  to  an  in¬ 
crease  in  the  carrier  (i.e.  electron— hole)  migration  rate  with  the 
temperature.  The  nearly  linear  relationship  between  In  ( oT )  and  1  IT 
indicates  that  the  conductivity  behavior  is  a  thermally  active  pro¬ 
cess  associated  with  the  temperature-independent  carrier  con¬ 
centration  that  obeys  the  small  polaron  conductivity  mechanism 
expressed  in  the  Eq.  (1): 


(7  =  (A/T)exp(-Ea/I<T) 


a) 
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Fig.  3.  Plot  of  In  (oT)  versus  1000  T^1  for  YSCF  under  various  mix  gas  in  the  300- 
900  °C  temperature  interval. 


Fig.  5.  IV— IP  curves  of  single  cell  with  YSCF  anode  under  1%  H2S-N2  or  10%  H2-N2  at 
600  °C. 


where  A  is  the  pre-exponential  factor,  I<  is  Boltzmann’s  constant,  T 
is  the  absolute  temperature  and  Ea  is  the  activation  energy.  The 
conductivity  in  air  is  higher  than  that  under  reduction  conditions, 
because  the  oxygen  loss  reduces  the  carrier  concentration  resulting 
in  a  decrease  in  the  conductivity  of  YSCF.  For  the  perovskite,  the 
valence  state  of  Y3+  and  Sr2+  remain  the  same.  Doping  with  smaller 
valence  cation  typically  forms  oxygen  vacancies  to  retain  electro¬ 
chemical  neutrality,  and  the  oxide  ion  conductivity  increase  as  the 
oxygen  vacancies  increase.  In  general,  it  is  believed  that  doping 
with  transition  metal  cations,  such  as  Ni  or  Fe,  enhance  the  electron 
or  hole  conduction.  The  reduction  processes  (Cr6+,  Cr4+  to  Cr3+) 
observed  upon  exposure  to  H2  or  H2S  at  high  temperature  result  in 
a  decrease  of  conductivity,  except  for  the  Fe3+  to  Fe2+  or  Fe°. 

The  electrical  conductivity  in  YCr03  is  essentially  due  to  the  3d 
band  in  the  Cr  ions.  It  is  believed  that  the  electronic  conduction  in 
the  perovskite  oxide  is  achieved  via  a  small  polaron  hopping 
mechanism.  B-site  lattice  cations  are  responsible  for  the  creation  of 
electron  defects  in  perovskite  oxides  due  to  strong  overlapping  of 
the  B-O-B  bonds,  and  the  electronic  conduction  occurs  via  a 
mechanism  that  is  similar  to  a  Zerner  double  exchange.  Co-doping 
will  increase  the  oxygen  vacancy  concentration  but  decrease  the 
Cr4+concentration.  The  former  leads  to  an  increase  of  ionic 
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Fig.  4.  IV— IP  curves  of  single  cell  with  YSCF  anode  under  10%  H2-1000  ppm  H2S  fuel  at 
different  temperatures. 


conductivity,  and  the  latter  results  in  a  decrease  in  the  electronic 
conductivity.  To  compare  pure  YCr03  [27  to  YSCF,  the  Sr  and  Fe 
doping  of  YCr03  significantly  promoted  the  conductivity  and 
reduced  the  activation  energy.  The  anode  conductivity  will  be 
significantly  enhanced  under  fuel  cell  operation  conditions. 
Because  large  amounts  of  oxygen  will  be  pumped  from  the  cathode 
through  the  electrolyte  layer  to  the  anode,  the  oxygen  partial 
pressure  will  increase. 

3.3.  Electrochemical  performances 

Fuel  cell  tests  are  conducted  to  determine  the  electrochemical 
activity  of  the  anode  material  for  fuel  conversion.  Fig.  4  shows  the 
I-V  and  l—P  characteristics  of  the  YSCF-SDC/SDC/Ag  under  10% 
H2-1000  ppm  H2S  and  1%  H20  (all  balanced  by  N2).  The  peak  power 
densities  are  12.24,  22.16,  36.23,  58.02  and  86.34  mW  cm-2  at  400, 
450,  500,  550  and  600  °C,  respectively.  The  OCV  values  are  0.84, 
0.86,  0.89,  0.95  and  0.96  V  at  400,  450,  500,  550  and  600  °C, 
respectively.  The  OCV  value  calculated  by  the  Nernst  equation  and 
increase  as  the  temperature  increases  but  to  a  lesser  extent  than 
observer  in  previous  studies.  28]  SDC  is  a  promising  electrolyte  at 
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Fig.  6.  (a)  The  impedance  spectroscopy  of  YSCF  anode  under  10%  H2-1000  ppm  H2S 
fuel  at  400  °C,  500  °C  and  600  °C;  (b)  Arrhenius  plots  of  the  ASR  values  from  400  to 
600  °C. 
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Fig.  7.  The  impedance  spectroscopy  of  YSCF  anode  under  10%  H2-N2  and  1%  H2S-N2 
fuel  at  600  °C. 


intermediate  temperatures,  because  the  transport  number  of  the 
oxide  ion  increases  as  the  operating  temperature  increases.  How¬ 
ever,  even  a  small  electron  conduction  and  oxygen  leakage  through 
the  electrolyte  can  drastically  decrease  the  energy  conversion  ef¬ 
ficiency  [29  .  In  addition,  the  linear  behavior  of  I—P  and  I—V  is  most 
likely  due  to  the  thickness  of  electrolyte  (SDC)  which  hinders  the 
activation  of  the  YSCF-SDC  electrode  and  the  oxygen  permeation 
in  the  form  of  02~.  Fig.  5  displays  the  cell  voltage  and  power  density 
as  a  function  of  current  density  for  a  typical  SOFC  single  cell.  First, 
the  cell  is  stabilized  in  10%  H2-N2  fuel  with  a  flow  rate  of 
60  mL  min-1  at  600  °C.  The  maximum  power  density  measured  for 
the  cell  was  72.35  mW  cm-2  higher  than  that  previously  reported 
for  other  anode  materials  under  an  intermediate  temperature.  [30] 


The  OCV  reaches  0.91  V,  which  is  nearly  1  V  and  lower  than  that  of 
the  cell  under  10%  H2-1000  ppm  H2S  (balanced  by  N2).  In  addition, 
the  power  density  at  600  °C  in  1%  H2S-N2  is  8.31  mW  cm-2,  and  the 
OCV  is  0.78  V.  The  power  density  decreases  as  the  concentration  of 
the  fuel  decreases.  The  electrochemical  performance  of  the  cell 
under  10%  H2-N2  and  1%  H20  is  slightly  lower  than  that  for  the  cell 
under  10%  H2-1000  ppm  H2S-N2  and  1%  H20.  The  reason  for  this 
behavior  is  not  very  clear  because  it  is  contrary  to  the  expected 
poisoning  effect  of  sulfur  on  catalysts.  One  hypothesis  for  the 
observed  sulfur-enhancement  behavior  is  that  the  YSCF  anode  also 
possesses  good  activity  for  the  electrochemical  oxidation  of  H2S. 
Another  possibility  is  that  the  surface  of  the  YSCF  anode  material 
transformed  to  a  particular  surface  sulfide  when  a  high  concen¬ 
tration  of  H2S  was  present,  and  this  surface  sulfide  is  a  better 
catalyst  for  the  electrochemical  oxidation  of  H2S.  [9,10,29-32]  The 
result  is  consistent  with  those  obtained  from  the  impedance 
spectra.  Therefore,  that  the  YSCF-SDC  exhibits  some  catalytic  ac¬ 
tivity  for  the  conversion  of  H2,  H2S  or  a  mixture  of  them  in  a  SOFC 
[30]. 

Impedance  spectroscopy  is  used  to  determine  the  effect  of  the 
operating  temperature  and  H2S  concentration  of  the  fuel  cell  on  the 
interfacial  resistance  for  cells  using  YSCF-SDC  as  an  anode.  Fig.  6 
shows  a  comparison  of  the  impedance  spectra  of  the  whole  cell 
under  exposure  to  10%  H2  and  1000  ppm  H2S  balanced  by  N2  at 
400-600  °C.  The  impedance  spectra  are  composed  of  two  selec¬ 
tions  (i.e.,  the  ohmic  resistance  {R0hm),  and  the  activation  resistance 
(a  sum  of  the  anode  and  cathode)).  In  fact,  R0 hm  is  the  overall  ohmic 
resistances  including  the  electrolyte  resistance,  the  electrode 
ohmic  resistance,  the  electrode-current  collector  contacting  resis¬ 
tance  and  the  lead  resistance.  Therefore,  the  R0 hm  measurement 
does  not  simply  reflect  the  electrolyte  resistance.  According  to 
Fig.  6,  the  main  loss  of  the  fuel  cell  was  due  to  the  electrode  po¬ 
larization.  Figs.  6  and  7  appear  to  support  the  results  from  the  cell 
performance.  Because  the  analysis  of  the  impedance  spectra  of  the 
fuel  cells  is  complicated,  the  low  frequency  area  is  associated  with 


Fig.  8.  The  SEM  pictures  of  surfaces  and  cross-sections  of  the  YSCF  electrodes  before  and  after  cell  tests. 
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Fig.  9.  (a)  The  phase  equilibrium  of  the  Y-O-S  system  at  873  K.  The  shaded  area  shows  the  phase  the  phases  of  Y  over  an  H2S  range  of  1-1000  ppm  in  humidified  hydrogen  (10%  H2, 
1%  H20;  i.e.  90%  fuel  utilization),  (b)  The  phase  equilibrium  of  the  Sr-O-S  system  at  873  K.  The  shaded  area  shows  the  phase  the  phases  of  Sr  over  an  H2S  range  of  1-1000  ppm  in 
humidified  hydrogen  (10%  H2, 1%  H20;  i.e.  90%  fuel  utilization),  (c)  The  phase  equilibrium  of  the  Cr-O-S  system  at  873  K.  The  shaded  area  shows  the  phase  the  phases  of  Cr  over  an 
H2S  range  of  1-1000  ppm  in  humidified  hydrogen  (10%  H2, 1%  H20;  i.e.  90%  fuel  utilization),  (d)  The  phase  equilibrium  of  the  Fe-O-S  system  at  873  K.  The  shaded  area  shows  the 
phase  the  phases  of  Fe  over  an  H2S  range  of  1-1000  ppm  in  humidified  hydrogen  (10%  H2, 1%  H20;  i.e.  90%  fuel  utilization). 


gas  diffusion  and  conversion  processes  33-37],  and  the  high  area 
is  related  to  the  charge  transfer  process  of  the  electrodes.  The  po¬ 
larization  resistance  of  the  anode  is  clearly  different  for  10%  H2-N2, 
10%  H2-IOOO  ppm  H2S-N2  and  1%  H2S-N2.  The  interfacial  re¬ 
sistances  increased  in  the  presence  of  the  H2S  containing  fuel. 

3.4.  Chemical  stability  of  the  catalysts  under  the  reaction 
environment 

The  SEM  images  of  the  cross-sections  and  surfaces  of  the  YSCF- 
SDC  composite  electrodes  are  shown  in  Fig.  8.  Fig.  8a  and  b  shows 
the  SEM  images  of  the  surfaces  and  cross-sections  of  the  YSCF-SDC 
composite  electrodes  prior  to  the  cell  tests.  The  electrode  particles 
strongly  adhere  to  the  electrolyte  surface.  Therefore,  to  obtain 
particles  with  a  fine  microstructure,  strong  adhesion  to  the  elec¬ 
trolyte  is  required.  Fig.  8c  and  d  shows  the  SEM  images  of  the 
surfaces  and  cross-sections  of  the  YSCF  electrodes  after  the  cell 


tests.  The  SEM  images  indicated  that  the  YSCF  electrode  retained  its 
fine  and  porous  microstructure  after  cell  tests.  There  was  a  subtle 
change  in  the  surface  morphology  observed  between  the  fresh  and 
reduced  cells.  This  result  indicates  that  reduction  does  not  influ¬ 
ence  the  microscopic  features  of  Yo.gSro.iCro.gFeo.iOs-^.  The  reduc¬ 
tion  resulted  in  a  good  connection  between  the  YSCF  and  SDC 
particles  in  the  YSCF  +  SDC  composite  anode  and  helped  to  reduce 
the  interfacial  resistance.  In  addition,  the  SDC  enlarged  the  effective 
anode  surface  area  due  to  the  higher  surface  area  of  the  SDC 
compared  to  YSCF. 

The  formation  of  sulfur  compounds  on  the  metallic  and  ceramic 
components  of  the  cermet  can  lead  to  the  loss  of  active  sites  at  the 
triple  phase  boundary  (TPB)  and  the  modification  of  surface 
properties,  which  poisons  the  anode.  [38]  The  limits  for  practical 
SOFC  operation  with  respect  to  pS2  and  p O2  at  the  anode  should  be 
defined.  The  boundary  values  of  pH2  and  pH20  were  calculated  by 
assuming  a  mixture  of  1%  H20  and  10%  H2  as  the  input  to  the  anode, 


Table  1 

The  values  of  p02  and  pS2  for  different  operating  conditions  in  a  range  of  H2S  from  1  to  1000  ppm  (a  fuel  mixture  of  10%  H2  and  1%  H20  was  used  as  the  input,  with  90%  fuel 
consumption-providing  1%  H2  and  10%  H20  as  the  output). 


Temperature 

Input  (10%  H2,  1%H20) 

Output  (1%H2,  10%  H20) 

(K) 

p02  pS2,  1  ppm 

pS2,  1000  ppm 

p02 

pS2,  1  ppm 

pS2,  1000  ppm 

873 

1.160*10-25  2.192*10-16 

2.192*10_1° 

1.856*10-22 

2.192*10-14 

2.192*10-8 
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representing  90%  fuel  consumption  of  a  hydrogen  fueled  SOFC.  The 
limits  of  pS2  were  defined  to  represent  a  H2S  concentration  ranging 
from  1  ppm  to  1000  ppm.  The  p 02  value  was  derived  from  Eq.  (2) 
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Fig.  10.  XPS  spectra  of  YSCF  powders  as  processed  before  and  after  the  test  in  10% 
H2  +  1000  ppm  H2S/N2. 


2H2  +02  =  2H20  (2) 

The  pS2  was  calculated  using  the  correlation  between  the  partial 
pressure  and  the  equilibrium  constant  of  the  two  reaction: 


2H2S  +  02  =  S2  +  2H20  (3) 

and 

2H2S  =  2H2  +  S2  (4) 

The  values  of  p02  and  pS2  under  the  same  operating  conditions 
were,  used  to  define  the  area  of  interest  in  Fig  9.  The  values  of  p02 
and  pS2  at  the  limits  of  different  fuel  mixture  inputs  are  shown  in 
Table  1.  Sr  and  Fe  are  not  stable  when  exposed  to  1000  ppm  of  H2S 
at  873  K,  which  suggests  that  sulfur  at  this  level  will  affect  the  bulk 
properties  of  the  YSCF  anode.  In  addition,  the  reaction  of  sulfur  on 
the  surface  needs  to  be  considered,  which  would  affect  the  catalytic 
properties  of  YSCF.  Therefore,  XPS  was  used  to  investigate  the 
surface. 

XPS  was  employed  to  analyzed  the  surface  of  synthesized 
sample  (YSCF)  before  and  after  the  H2S-H2  (10%  H2-1000  ppm 
H2S-N2  and  1%  H20)  test.  For  quantification  of  the  elemental 
composition  and  identification  of  the  oxidation  states  of  Y,  Sr,  Fe,  Cr 
and  O,  Y3d5/2,  Sr3ds/2,  Fe2p3/2,  Cr2p3/2  and  Oiswere  used.  In  all  of 
the  samples,  the  position  of  the  Y3d5/2  is  located  at  156.4  eV  indi¬ 
cating  that  the  oxidation  state  of  Y  is  +3  which  is  in  good  agree¬ 
ment  with  the  reported  values  [39].  The  introduction  of  Sr2+  as  a 
lower  valence  ion  to  the  A-site  in  the  perovskite  structure  can 
produce  oxygen  vacancies  [40].  The  results  from  thermodynamic 
calculations  indicate  that  SrS  and  FeS  would  appear  under  the 
considered  reaction  environment,  and  the  S2p  peaks  in  Fig.  9.  The 
position  of  the  Y  3d  and  Sr3d  core  level  peaks  shift  to  high  B.E.  These 
observations  are  contrary  to  the  generation  of  SrS  under  the  reac¬ 
tion  conditions.  Which  suggests  that  S  would  exist  in  a  high  valence 
state  instead  of  S2-  after  the  reduction.  Because  there  was  no 
obvious  displacement  of  other  elements,  the  XPS  spectra  covering 
the  spectral  regions  of  Fe2p,  Cr2p,  Ois  and  S2p  were  evaluated.  Cr  and 
Fe  have  multiple  oxidation  states  including  Cr  (III),  Cr  (VI),  Fe  (II),  Fe 
(III)  and  Fe  (IV).  The  Fe  peaks  were  assigned  to  oxidized  Fe  species, 
more  likely  Fe3+  type  species  [41,42].  The  binding  energies  centered 
at  approximately  about  710.4  and  711.9  eV  may  be  correspond  to 
the  Fe3+  cations  in  the  spinel  structure,  and  the  binding  energy 
centered  at  approximately  719.0  eV  were  attributed  to  Fe3+,  which 
is  the  fingerprint  of  the  Fe3+  species  [42].  After  the  reaction  the 
binding  energies  centered  at  approximately  710.7  and  713.6  eV.  The 
position  of  Fe2p3/2  in  the  tested  powders  is  in  good  agreement  with 
the  reported  values  for  Fe3+  and  Fe2+  (FeS  or  FeSCU).  For  Cr  there 
are  two  peaks  with  one  peak  at  575.3—576.4  eV  corresponding  to 
Cr3+  and  the  other  one  at  579.8  eV  corresponding  to  Cr6+.  The 
oxidation  states  and  relative  percentage  of  the  elements  in  YSCF 
after  the  test  were  determined  by  XPS.  Fig.  10  shows  the  result  of 
peak  fittings  for  the  Fe2p,  Cr2p  and  Ois  peaks.  Table  2  lists  the  BEs  of 
these  peaks  as  well  as  the  calculated  relative  percentages.  The 
spectra  of  Cr 2P3/2  in  the  tested  powders  are  decomposed  into  two 
components  corresponding  to  the  Cr3+  and  Cr6+  species.  The 
peaking  fitting  results  indicate  that  like  fresh  powders,  the  Cr  in  all 
of  the  tested  powders  exhibit  multiple  oxidation  states  similar  to 
the  fresh  powders,  which  suggests  that  the  Fe  doping  produced 
some  disproportionation  in  the  oxidation  state  of  Cr.  A  comparison 
of  Cr3+/Cr6+  before  and  after  the  test  indicates  the  conversion  of 
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Table  2 

XPS  results  for  the  YSCF. 


Samples 

Fe2p3/2 

Cr2p3/2 

0  IS 

Fe3+ 

% 

Fe2+ 

% 

Cr3+ 

% 

Cr6+ 

% 

Lattice  oxygen 

% 

Adsorbed  oxygen 

% 

Position  (eV) 

Position  (eV) 

Position  (eV) 

Position  (eV) 

Position  (eV) 

Position  (eV) 

Before 

710.4 

100% 

575.4 

73.92 

579.8 

26.08 

529.3 

52.6 

530.3 

47.4 

711.9 

576.5 

531.2 

After 

710.7 

47.29 

713.2 

52.71 

575.4 

79.74 

579.8 

20.26 

529.4 

52.2 

530.5 

47.8 

576.5 

531.4 

o2  electrolyte 


Cathode 


Fig.  11.  The  schematic  drawing  of  sulfur  tolerance  of  YSCF  catalyst. 


Cr6+  to  Cr3+  during  the  reduction  process.  The  S2P  peaks  at  lower 
binding  energies  are  assigned  to  S2+,  S4+,  S°  and  S2-.  After  the  re¬ 
action,  the  sulfur  content  is  low  based  on  the  full  spectrum,  due  to 
many  possibilities,  such  as  surface  adsorption  of  the  catalyst  and  so 
on.  Therefore,  the  analysis  should  be  combined  with  the  condition 
of  sulfur.  The  XPS  sulfur  2p  binding  energy  provides  a  sensitive 
measure  for  the  electronic  character  of  sulfur  within  a  molecule. 
The  three  peaks  located  at  167.9, 169.7  and  170.0  eV  are  assigned  to 
S6+,  which  confirms  the  generation  of  the  sulfate  mineral  (SO4-). 
Oxygen  which  is  bound  to  metals,  especially  in  metal  oxide  cata¬ 
lysts,  plays  an  important  role  in  their  catalytic  properties.  The  Ois 
spectrum  is  frequently  used  to  identify  the  types  of  oxygen  species 
presented  in  a  particular  oxide.  The  Ols  core  level  consists  of  two 
components,  as  observed  for  YSCF.  The  low  B.E.  component  has 
been  assigned  to  the  lattice  oxygen  and  the  high  B.E.  component 
corresponds  to  surface  adsorbed  oxygen.  The  relative  percentage  of 
lattice  and  adsorbed  oxygen,  which  is  listed  in  Table  2,  is  deter¬ 
mined  from  the  integrated  area  of  these  peaks.  The  first  peak 
(observed  at  529.3-529.4  eV),  was  attributed  to  the  oxygen  ions  in 
the  crystal  lattice  (O2-);  The  second  peak  (observed  at  530.3- 
531.4  eV)  was  assigned  to  surface  adsorbed  oxygen  species  (O2-  or 
CT),  OH  groups  and  oxygen  vacancies  [43].  These  results  suggest 
that  the  substitution  of  YCr03  generates  oxygen  vacancies  inside 
the  perovskite  framework  due  to  the  dopants.  Due  to  the  presence 
of  oxygen  vacancies,  it  is  assumed  that  lattice  oxygen  from  the  bulk 
would  travel  through  the  channels  to  supply  the  residual  lattice 
oxygen  on  the  surface,  and  therefore,  a  certain  amount  of  lattice 
oxygen  in  the  bulk  of  anode  catalysts  would  migrate  to  the  surface. 
This  result  suggests  that  the  tested  YSCF  could  maintain  its  stability 


upon  exposure  to  fuel,  which  is  essential  for  anode  materials.  There 
is  a  stronger  interaction  between  O2-  species  and  B-site  metal  ions, 
which  results  in  a  slightly  higher  Ols  BE  value  compared  to  pre¬ 
viously  reported  values  [44].  The  presence  of  Fe  and  Cr  could  pro¬ 
mote  charge  transfer  from  the  O  atom  to  other  surrounding  atoms, 
shifting  the  02~  peak  towards  a  higher  value.  Based  on  the  relative 
percentage  of  O  species,  the  content  of  lattice  oxygen  is  higher  than 
that  of  surface  oxygen  species,  which  means  that  the  former  pos¬ 
sesses  a  high  catalytic  activity.  It  is  well  known  that  the  electrical 
performance  is  highly  sensitive  to  the  elemental  composition, 
structure  and  phase  purity.  H2S  may  have  to  react  with  the  residual 
lattice  oxygen  before  the  lattice  oxygen  migrates  to  the  surface.  A 
schematic  representation  of  the  sulfur  tolerance  of  the  YSCF  cata¬ 
lyst  is  shown  in  Fig.  11.  Selective  oxidation  of  H2S  may  occur  under 
the  conditions  of  limited  lattice  oxygen,  which  results  in  the  pro¬ 
duction  of  other  sulfur  species  besides  sulfate  and  these  various 
sulfur  species  coexist  on  the  surface  of  the  sample  with  H2. 
Therefore,  competitive  reactions  between  the  addition  and  con¬ 
sumption  of  lattice  oxygen  may  participate  in  the  deactivation. 
These  reactions  may  explain  the  reason  for  lower  battery  perfor¬ 
mance  of  hydrogen  sulfide  lower  than  hydrogen  and  the  increasing 
polarization  resistance  of  the  battery  under  the  hydrogen  sulfide 
environment.  As  shown  in  Fig.  11.  The  hydrogen  sulfide  that  is 
added  to  the  anode  will  undergo  chemical  reaction  (1)  and  (2) 
where  the  oxygen  ions  are  transported  by  the  electrolyte  from 
cathode.  For  the  anode  materials  itself,  the  formation  of  SrS  or  FeS 
under  the  reaction  conditions  predicted  by  the  thermodynamic 
calculations  will  adhere  to  the  active  site  and  influence  the  porosity 
causing  a  decline  in  the  battery  performance.  S02,  H2S  and  H20  will 
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also  adsorb  on  the  catalyst  surface.  However,  under  the  influence  of 
oxygen  ions,  S02,  H2S  and  H20  will  continue  to  be  oxidized  to 
sulfate.  This  result  is  consistent  with  the  XPS  results,  where  no 
peaks  for  SrS  and  FeS  were  observed.  The  XPS  results  also 
confirmed  that  FeS04  is  generated,  but  no  SrS04  was  generated. 
Therefore,  to  a  certain  extent,  the  formation  of  FeS04  may  have 
hindered  the  generation  of  SrS04,  therefore,  iron  doping  resulted  in 
the  metal  sulfate  inhibiting  the  sulfonation  of  strontium.  The  re¬ 
sults  from  similar  studies  have  reported  enhancement  in  the  sulfur 
tolerance  of  Lao.7Sro.3Co03  perovskite  by  the  addition  of  iron,  which 
inhibited  the  sulfonation  of  strontium  [45].  Under  the  reaction 
conditions,  Fe2  (So4)3  can  be  exclude,  due  to  its  direct  decomposi¬ 
tion  into  iron  oxide  and  sulfur  trioxide  at  480  °C.  Sr2+  play  a  deci¬ 
sive  role  in  maintaining  oxygen  vacancies  in  YSCF.  The  oxygen 
vacancies  are  closely  related  to  maintaining  the  electrochemical 
performance  and  catalytic  properties.  Although  the  existence  of 
FeS04  is  a  hybrid  phase  for  YSCF,  its  content  is  very  low,  which 
made  it  difficult  to  directly  observe  via  XRD.  The  content  of  FeS04 
was  determined  by  XPS.  However,  the  effect  on  the  electrochemical 
performance  and  stability  are  still  not  clear.  Based  on  the  analysis  of 
the  electrochemical  performance  and  XPS  results,  the  emergence  of 
FeS04  in  the  sulfur  treatment  would  play  an  important  role  to  in¬ 
preventing  sulfur-poisoning.  Its  influence  will  occupy  a  certain 
amount  of  TPB,  resulting  in  an  increase  in  the  polarization 
impedance  affecting  the  performance  of  the  SOFC  [46].  However,  its 
existence  inhibits  the  generation  of  strontium  sulfate,  which  results 
in  the  anode  retaining  its  fine  porous  microstructure  after  the  cell 
tests.  A  subtle  change  in  the  surface  morphology  was  observed 
between  the  fresh  and  reduced  cells. 

4.  Conclusions 

YSCF  has  shown  promising  results  as  a  SOFC  operating  with  H2S 
and  sulfur-containing  fuels.  For  the  cell  containing  YSCF-SDC/SDC/ 
Ag,  the  maximum  open  circuit  voltage  was  0.96  V  and  the 
maximum  power  density  was  86.34  mW  cm-2  in  10% 
H2  +  1000  ppm  H2S— N2  at  600  °C.  The  area  specific  resistance 
significantly  decreases  as  the  temperature  increases.  The  polari¬ 
zation  resistance  is  the  primary  source  affecting  the  performance  of 
the  cell  at  low  temperatures.  At  a  modest  firing  temperature  of 
1000  °C,  the  solid-state  reaction  didn’t  occur  between  YSCF  and 
SDC,  which  would  not  have  a  detrimental  effect  on  the  oxygen 
reduction  process.  A  small  substitution  Sr2+for  Y3+  in  YCrCU 
resulted  in  the  formation  of  an  oxygen  vacancy-disordered  perov¬ 
skite  oxide.  Iron  ions  in  the  oxide  were  primarily  in  the  2+  and  3+ 
oxidation  states.  Although  the  emergence  of  FeS04  was  observed 
after  the  sulfur  treatment,  as  determined  by  XPS,  the  anode  retains 
its  fine  porous  microstructure  after  the  cell  tests. 
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